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Effect of modulations of doping and strain on the electron transport in monolayer MoS2
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The doping and strain effects on the electron transport of monolayer MoS2 are systematically investigated
using the first-principles calculations with Boltzmann transport theory. We estimate the mobility has a maximum
275 cm2/(V·s) in the low doping level under the strain-free condition. The applying a small strain (∼3%) can
improve the maximum mobility to 1150 cm2/(V·s) and the strain effect is more significant in the high doping
level. We demonstrate that the electric resistance mainly due to the electron transition between K and Q valleys
scattered by the M momentum phonons. However, the strain can effectively suppress this type of electron-
phonon coupling by changing the energy difference between the K and Q valleys. This sensitivity of mobility
to the external strain may direct the improving electron transport of MoS2.
PACS numbers: 71.15.Mb, 72.10.Di, 72.20.-i, 72.80.Jc
I. INTRODUCTION
After the initial boom in graphene research, recent years
have seen a surge of interest in other two-dimensional
(2D) atomic crystals1. Among them, molybdenum disulfide
(MoS2), a prototypical transition metal dichalcogenide, has
attracted great attention due to its excellent electronic and op-
tical properties2–6. Similar to graphite, bulk MoS2 consists of
vertically stacked layers that are loosely coupled via the Van
der Waals interaction. When shaped into monolayer, the en-
ergy gap changes from indirect to direct (∼1.9eV), right in
the visible frequency range7,8, allowing applications such as
transistors9, photodetectors and electroluminescent devices.
In addition, due to the strong spin-orbit interaction and bro-
ken inversion symmetry, monolayer MoS2 also exhibit novel
valley and spin physics as demonstrated recently10–13.
To realize its application potential in multi-functional elec-
tronic devices, it is essential to understand the transport mech-
anisms in MoS2. Compared with graphene14,15, the mobil-
ity of pristine MoS2 is rather low, typically on the order of
10 cm2/(V·s) at room temperature. Higher mobilities can be
achieved by gate dielectric engineering to effectively screen
the Coulomb scattering on charged impurities and suppress
electron-phonon scattering, values in the range from 200 to
700 cm2/(V·s) have been reported9,16–18. On the other hand,
theoretical calculations of the phonon-limited mobility, using
the deformation potential approximation or full band Monte
Carlo simulation, have placed an intrinsic limit in the range
of 130 ∼ 410 cm2/(V·s) at room temperature19,20, which are
close to experimental values. This suggests that further im-
provement of the mobility must come from better control of
electron-phonon coupling.
Strain engineering4–6 and electron-doping21–24 have been
successfully used to improve the performance of MoS2, such
as energy gap and superconductivity. Here, we have systemat-
ically investigated the electron-doping and strain dependence
of the transport electron-phonon coupling constant λtr and
the phonon-limited mobility µ in monolayer MoS2 based on
first-principles calculations and the Boltzmann transport the-
ory. It is found that λtr increases with increasing doping con-
centration n2D, reaches the maximum at n2D = 1.7 × 1014
cm−2 before starts decreasing. Remarkably, λtr can be sig-
nificantly reduced by applying a small amount of strain. This
is due to the change of energy difference between the K and Q
valleys, which effectively suppresses the inter-valley scatter-
ing20,25. We show that even with 3% strain the mobility can be
increased from 275 to 1150 cm2/(V·s). Our results provide an
effective method to modulate the electron transport of MoS2
by external strain.
II. METHODOLOGY
Our calculation is based on the semiclassical Boltzmann
transport theory. Details of theory can be found in Ref. 26.
The key quantity is the transport electron-phonon coupling
strength λq,νtr for wavevector q and mode index ν, defined by26
λq,νtr =
2
NFNkωq,ν
∑
k,i,j
|Mνki,(k+q)j|
2
δ(ǫki − ǫF )
δ(ǫ(k+q)j − ǫF )ηki,(k+q)j,
(1)
whereMν
ki,(k+q)j is the electron-phonon interaction matrix el-
ement,
Mνki,(k+q)j =
√
~
2Mωq,ν
〈ki|δq,νVSCF|(k+ q)j〉, (2)
and the efficiency factor,
ηki,(k+q)j = 1−
vki · v(k+q)j
|vki|
2 . (3)
In Eq. (1), NF is the density of state at the Fermi surface, Nk
is the total number of k points, ǫki and vki are the band energy
and group velocity of the Bloch electrons, respectively. In
Eq. (2), M is the atomic mass, and δq,νVSCF is the derivative
of the self-consistent effective potential with respect to atomic
displacement associated with the phonon from branch ν with
the wave vector q and frequency ωq,ν . The efficiency factor
ηki,(k+q)j shows that only backward scattering will contribute
to the resistance.
2Similar to the relation between the Eliashberg function and
the superconducting electron-phonon coupling constant, the
transport spectral function α2trF(ω)and the transport electron-
phonon coupling constant λtr can be obtained by26,
α2trF(ω) =
1
2Nq
∑
q,ν
λq,νtr ωq,νδ(ω − ωq,ν), (4)
λtr = 2
∫ ∞
0
ω−1α2trF(ω)dω, (5)
where Nq is the total number of q points.
Finally, using transport spectral function α2trF(ω), the re-
laxation time τ can be derived by solving the Boltzmann equa-
tion in the lowest-order variational approximation (LOVA) as,
τ−1 = (
4πkBT
~
)
∫
dω
ω
ω˜2
sinh2 ω˜
α2trF(ω), (6)
ω˜2
sinh2 ω˜
=
ω
2k2BT
2
∫ ∞
−∞
dǫ
∫ ∞
−∞
dǫ′f(ǫ)[1− f(ǫ′)]
{[N(ω) + 1]δ(ǫ− ǫ′ − ~ω) +N(ω)δ(ǫ − ǫ′ + ~ω)}
(7)
where ω˜ = ~ω/(2kBT ). f(ǫ) and N(ω) are the Fermi-
Dirac and the Bose-Einstein distribution function, respec-
tively. Moreover, the influence of impurities and electron-
electron scattering are not included evidently in our calcula-
tions, which are subject to further investigations.
Utilizing the transport electron-phonon coupling, the tem-
perature dependence of mobility µ(T ) can be obtained by
µ(T ) =
2eNF〈v2x〉
n2DScell
τ, (8)
where 〈v2x〉 is the average square of the Fermi velocity along
the x direction, Scell is the area of unit cell.
Technical details of the calculations are as follows. All
calculations in this work were carried out in the framework
of density functional theory (DFT) with local-density ap-
proximation (LDA)27, as implemented in the QUANTUM
ESPRESSO package28. The ion and electron interactions are
treated with the norm-conserving pseudopotentials29. The ki-
netic energy cutoff of 30 Ry and Monkhorst-Pack k-mesh of
32× 32× 1 were used in all calculations of electronic proper-
ties. The atomic positions were relaxed fully with the energy
convergence criteria of 10−5 Ry and the force convergence
criteria of 10−4 Ry/a.u. In our slab model, a vacuum layer
with 15 A˚ was set to avoid the interactions between the ad-
jacent atomic layers. The equilibrium lattice constant of the
monolayer MoS2 was found to be a0 = 3.11 A˚. The electron
doping was achieved by increasing the valence charge and at
the same time introducing the same amount of uniform back-
ground charge. The strain was introduced by adjusted the lat-
tice constant a of the monolayerMoS2 with the strain capacity
ε = (a−a0)/a0×100%. The phonon dispersion and electron-
phonon coupling were calculated on a 16×16×1 q-grid using
the density functional perturbation theory (DFPT)30. We have
carefully checked the convergence of q-point sampling with
the denser grid of 20 × 20 × 1, while the difference is only
below 1%.
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FIG. 1. (Color online) The band structure (a) and phonon dis-
persion (b) of strain-free monolayer MoS2 at doping concentra-
tion of n2D = 1.6 × 1014 cm−2. The doping effect (n2D =
0.6, 1.6, 1.7, and 1.9 × 1014 cm−2) at ε = 0% (c) and the strain ef-
fect (ε = 0.4%, 0.8%, 1.2%, and 3.0%) at n2D = 1.6× 1014 cm−2
(d) on the lowest conduction band along the Γ-K direction (labeled
by red color in (a)). The band structure at Γ and Q points are ob-
viously modulated by doping and strain, respectively. The doping
effect (e) and the strain effect (f) on the LA phonon mode along the
M -Γ direction (labeled by red color in (b)).
III. RESULT AND DISCUSSION
A. Electronic structure and phonon dispersion
Figure 1 shows the electronic band structure and phonon
dispersion of monolayer MoS2 with different electron dop-
ing concentrations and strains. Central to our discussion is
the existence of a second energy minima in the conduction
band, called Q valley, which is about 100 meV higher than
the conduction band minimum at the K valley, and approxi-
mately located at the halfway point of the Γ-K line. Because
of the close proximity in energy, the inter-valley scattering
between the K and Q valleys has a significant effect on trans-
port20,25. We note that while the conduction band at the Γ
point displays a strong dependence on the doping concentra-
tion, with a large drop after n2D > 1.7×1014 cm−2, the band
at the Q point shows little change with various concentrations
[Fig. 1(c)]. On the other hand, the energy difference between
the K and Q valleys (EKQ) can be modified significantly by the
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FIG. 2. (Color online) The map distributions of wave-vector-resolved electron-phonon coupling parameter λq
tr
(a-d) at different doping
concentrations n2D = 0.6(a), 1.6(b), 1.7(c) and 1.9(d) × 1014 cm−2 with strain-free condition, respectively. The map distributions of λqtr
(e-h) at different tensile strains ε = 0.4%(e), 0.8%(f), 1.2%(g), and 3.0%(h) at the doping concentrations of n2D = 1.7 × 1014 cm−2,
respectively.
strain [Fig. 1(d)], consistent with previous calculations31. The
change of phonon dispersion also shows the important roles
of the electron doping and strain. The acoustic phonon branch
(i.e., longitudinal acoustic mode) around the M point (denoted
by Mp for simplicity) appears phonon softening with increas-
ing doping concentration up to 1.7 × 1014 cm−2. However,
for n2D > 1.7 × 1014 cm−2 the phonon dispersion does not
show any obvious change as n2D is varied [Fig. 1(e)]. The Mp
phonons softening is also significantly suppressed by applying
the strain [Fig. 1(f)].
B. Electron-phonon coupling
The strong dependence of both the electronic band structure
and phonon dispersion on the doping and strain indicates that
the electron-phonon coupling should show similar trend. To
quantify this statement, we have calculated the transport spec-
tral function α2trF(ω) and transport electron-phonon coupling
constant λtr .
The map distribution of wave-vector-resolved transport
electron-phonon coupling parameter λqtr =
∑
ν
λq,νtr as a func-
tion of doping concentrations in the absence of strain is shown
in Figs. 2(a)-2(d). One can see that the transport electron-
phonon coupling around the M point is always the strongest,
while those of K and Γ points are rather small. It indicates
that Mp phonons is the dominating contributor to the trans-
port electron-phonon coupling. The electronic transitions be-
tween the K and Q valleys scattered by Mp phonons20 is de-
scribed as Ke + Mp ←→ Qe, where Ke (Qe) is the electronic
state with the momentum K (Q). With the increase of dop-
ing concentration, the electrons occupying on the K and Q
valleys increase and the frequency of phonons around the M
point decreases [Fig. 1(e)]. Consequently, the coupling to Mp
phonons increases sharply [Figs. 2(a)-2(c)]. However, it starts
decreasing when n2D > 1.7 × 1014 cm−2 [Fig. 2(d)]. One
reason is the little dependence of the Mp phonons on n2D af-
ter it reaches 1.7 × 1014 cm−2 [Fig. 1(e)]. The other is the
reduction of electrons in the Q valley, which arises from the
lowering of the conduction band at the Γ point [Fig. 1(c)].
Furthermore, the lowering of conduction band at Γ point also
results in the appearance of two more channels of electronic
transitions, Γe+Qp ←→ Qe and Γe+Kp ←→ Ke, which can
be derived from the band structure and nesting function (see
Appendix). However, since the phonon frequencies at both
K and Q points are higher than that of M point [Fig. 1(b)],
according to the Eq. (1), these two additional channels have
much weaker electron-phonon coupling comparing with the
Ke + Mp ←→ Qe channel [Fig. 2(d)]. More interestingly,
λqtr can be greatly suppressed once a small amount of strain is
introduced [Figs. 2(e)-2(h)]. This is because of the hardening
of the Mp phonons under strain condition and the increase of
EKQ [Fig. 1(d)].
Figure 3(a) shows the transport spectral function α2trF(ω)
versus doping concentration under different strains. α2trF(ω)
spreads through a wide frequency range, but shows strong
peaks at low frequencies, 80 ∼ 150 cm−1, corresponding
to the Mp phonons. The position of this main region shifts
down with increase of the doping concentration, consistent
with the behavior of the Mp phonons softening, while posi-
tion of the high frequency region is almost unchanged. After
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FIG. 3. (Color online) (a) Transport spectral function α2trF(ω) at the
doping concentration of n2D = 1.2 × 1014 cm−2 with ε = 0.0%
(black dash line) and n2D = 1.6×1014 cm−2 with ε = 0.0% (black
solid line) and ε = 3.0% (red solid line). (b) transport electron-
phonon coupling constant λtr as a function of the doping concentra-
tion n2D at various strains of ε = 0%, 0.4%, 0.8%, 1.2%, and 3.0%.
the application of strain, α2trF(ω) is then greatly suppressed.
The curves of λtr with electron doping concentration under
different strains are plotted in Fig. 3(b). One can see that in
the absence of strain, λtr is strongly dependent on the doping
concentration, in agreement with the results of Raman spec-
troscopy and superconductivity researchs21,32,33. The maxi-
mum (∼1.6) of λtr appears at n2D = 1.7× 1014 cm−2. How-
ever, with added strain, the maximum of λtr shifts down to
0.14, and the overall λtr versus n2D curve becomes rather flat.
The doping and strain effects on λtr are consistent with the
discussion of λqtr as above illustration.
C. Mobility
The mobility µ(T ) calculated at room temperature (T =
300 K) are plotted in Fig. 4. Under the strain-free condition,
µ is inversely proportional to the doping concentration in a
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FIG. 4. (Color online) The mobility µ as a function of the doping
concentration n2D at various strains of ε = 0%, 0.4%, 0.8%, 1.2%,
and 3.0%.
wide range of doping level and increases slightly in the high
doping level due to the change of electron-phonon coupling.
In the two previous theoretical studies19,20, the mobility has
been estimated to be 130 (410) cm2/(V·s) respectively, de-
pending on with (without) the consideration of the scattering
of Q valley. It agrees well that our estimation of 275 cm2/(V·s)
at n2D = 5× 1012 cm−2 falls somewhere between them.
Next, we turn to discuss the stain effect on the mobility. At
the low doping concentration of n2D = 5 × 1012cm−2, ε =
3.0% strain can increase mobility from 275 to 1150 cm2/(V·s),
for the strain can greatly suppress the electron-phonon cou-
pling. In addition, the change of mobility by strain from ε =
1.2% to ε = 3.0% is inconspicuous in the low doping level (
< 1013cm−2). It can be ascribed to that the influence of Q
valley scattering to the mobility is rather weak such that can
be almost totally removed by a small strain (> 1.2%). At the
high doping concentration (1.7× 1014cm−2), the modulation
of mobility by strain becomes more significant, from 4.9 to
66.0 cm2/(V·s) by a factor of 10 [Fig. 4].
Although the present estimation of 275 cm2/(V·s) is co-
incide with theoretical predictions and some experiments as
well, a significant difference was observed compared with
the high value of 700 cm2/(V·s)18. Considering the lattice
mismatching with the substrates in the different experimental
preparations, the strain appears inevitably in MoS2. Neverthe-
less, it is provided in our results that the mobility is exquisitely
sensitive to the external strain, ∼ 1000 cm2/(V·s) improved
by the strain of 1.2%. Clearly, the question about disparity
between theoretical predictions and experimental results can
be reasonably illustrated in this work.
IV. SUMMARY
In summary, we have studied the doping and strain effects
on the transport electron-phonon coupling and intrinsic mobil-
ity in monolayer MoS2 based on first-principles methods with
5Boltzmann transport theory. We estimate that under the strain-
free condition the mobility has a maximum 275 cm2/(V·s).
Based on the analysis of electron-phonon coupling, it is found
that the inter-valley scattering between the Q and K valleys
assisted by Mp phonons are the main source of electric resis-
tance. However, applying a small amount of strain can signif-
icantly increase the mobility by several times for the modula-
tion effects on the lowest conduction band. Our results illus-
trate the effective modulation of strain on mobility in MoS2.
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Appendix A: Nesting Function
In this Appendix, we illustrate two additional channels of
electronic transitions, Γe + Qp(Kp) ←→ Qe(Ke), resulting
from the lowering of conduction band at the Γ point when the
doping concentration increases from 1.7 to 1.9 ×1014 cm−2.
For clear observation, we calculated the nesting function Xq,
Xq =
1
Nk
∑
k,m,n
δ(ǫk,m − ǫF )δ(ǫk+q,n − ǫF ), (A1)
which describes the geometrical property of the Fermi sur-
face. Figure A1 shows the change of Xq at different dop-
ing concentrations. In the doping level of n2D < 1.7 ×1014
cm−2, Xq around the Q (K) point has no obvious change
[Figs. A1(a-c)]. But one can clearly see that Xq around the
Q (K) point enlarges significantly when n2D increases to 1.9
×1014 cm−2 as shown in Fig. A1(d). Combining with the
evolution of band structure along with increasing n2D from
1.7 to 1.9 ×1014 cm−2 [Fig. 1(c)], one can deduce that there
appears two additional channels of electronic transitions, i.e.,
Γe + Qp(Kp) ←→ Qe(Ke). However, due to the weak
electron-phonon coupling of these two additional channels,
they cannot be clearly seen in Fig. 2(d). Therefore, the domi-
nated channel of electronic transition is Ke + Mp ←→ Qe, as
discussed in the main text.
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